Effect of channel size on mass transfer in liquid-liquid extraction in small channels. High mass transfer coefficients in small channel extractions with ionic liquids. Use of ionic liquids as substitutes to organic solvents in the extraction of uranium. Development of numerical model to predict mass transfer in liquid-liquid extraction.
a b s t r a c t
In this paper the effect of channel size on the mass transfer characteristics of liquid-liquid plug flow was investigated for capillaries with internal diameter ranging from 0.5 to 2 mm. The extraction of {UO 2 } 2+ ions from nitric acid solutions into TBP/IL mixtures, relevant to spent nuclear fuel reprocessing, was studied for different residence times, dispersed phase fractions, and mixture velocities. It was found that extraction efficiencies increased as the channel size decreased. For a given channel length and for all channel sizes, an increase in mixture velocity decreased the extraction efficiency. The overall mass transfer coefficients (k L a) for all channels varied between 0.049 and 0.29 s À1 and decreased as the channel size increased. The evolution of the k L a along the extraction channel showed a decreasing trend for all the channel sizes. The experimentally obtained mass transfer coefficients were compared with existing models for liquid-liquid and gas-liquid segmented flows from the literature. The results showed good agreement with the empirical correlation proposed for a liquid-liquid system. A finite element model was developed that solved the velocity and concentration fields in the channel for both phases considering a unit cell (one plug and one slug) with periodic boundary conditions at the inlet and the outlet. The model used experimental data for the geometric characteristics of the plug flow and predicted reasonably well the experimentally measured extraction efficiencies (with mean relative error of 11%). Ó 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http:// creativecommons.org/licenses/by/3.0/).
Introduction
Two-phase, liquid-liquid systems find many applications in the process and chemical industries including solvent extraction, catalysis, polymerization, and nitration [1] . Solvent extraction in particular is one of the main processes in reprocessing of the spent fuel from a nuclear reactor. Commonly, uranium(VI) (and plutonium(IV)) are recovered from nitric acid solutions of the spent nuclear fuel through the PUREX process, with mixtures of organic solvents with tributylphosphate (TBP) as extractant [2] . Organic solvents, however, are flammable, volatile, and suffer from radiolysis, thus posing problems to the plants and threats to the environment. Ionic liquids are considered as alternative candidates to conventional organic solvents and have found applications in catalytic reactions, separation processes, and synthesis [3] . In general, ionic liquids are salts composed from ions that have low melting points (below 100°C), while many of them are liquid even at room temperature [4] . They have very good physical characteristics such as, negligible vapour pressure and high thermal stability in normal operating conditions, while their high resistance to radiation makes them suitable for spent nuclear fuel reprocessing. A popular anion choice for synthesizing hydrophobic ionic liquids that are chemically and thermally more stable and of lower viscosity compared to the majority of ionic liquids, is the bis(trifluoromethylsulfonyl)imide anion [(CF 3 SO 2 ) 2 N] À (abbreviated to [Tf 2 N] À ) [5] . The production of the ionic liquids can be expensive though, and thus prevent their extensive use in large-scale systems. The application of intensified small scale units in extraction processes would reduce the amount of solvent required and associated costs, and would make economically viable the use of ionic liquids.
Mixing and mass transfer are significantly enhanced in small scale two-phase contactors, despite the absence of turbulence, as a result of high specific interfacial areas, increased molecular diffusion through the thin fluid layers, improved radial mixing due to recirculation within phases [6] , convection induced by surface tension gradients, and flow instabilities between the two immiscible phases [7] . The increased importance of interfacial and viscous forces in small channels, however, results in different patterns to those encountered in large scale systems [5] , whose characteristics need to be studied as they affect mass transfer. One of the most common configurations in liquid-liquid flows is the plug (segmented) flow pattern, where drops of one liquid (plugs), with diameter larger than the channel diameter, are formed within the other liquid, while a thin film separates the plugs from the channel wall.
Operating small scale contactors with the high viscosity ionic liquids would bring in a number of challenges. In plug flow the size of the segments is among others an important parameter since it affects the interfacial area available for mass transfer and the intensity of the circulation patterns, and subsequently the heat and mass transfer rates. In small-channel flows, both the dispersed and the continuous phase properties influence the formation of the plug. Studies on the effect viscosity on the formation of the plugs and on the mixing inside the segments has been performed both numerically [8, 9] and experimentally [10] [11] [12] , however the results are limited and not conclusive. The use of high viscous liquids as continuous phase is also expected to affect the magnitude of the film that surrounds the dispersed plug, which is related to the Ca number, and the internal circulation within the dispersed plug which is affected by the shear stress induced by the liquid film. Studies on internal circulation in liquid-liquid systems that involve ionic liquids have been limited so far. Using numerical simulations, Kashid et al. [13] , showed that the circulation patterns in the two phases are independent of viscosity. Dore et al. [6, 14] investigated the mixing patterns in aqueous-ionic liquid systems and the internal circulation within the continuous or dispersed aqueous phase in plug flow, using micro-Particle Image Velocimetry (l-PIV). It was found that the circulation within the aqueous segments is strongly related to the flow rates and the size of the segments. Scheiff et al. [15] studied the internal circulation within ionic liquid segments in an organic-ionic liquid two-phase flow. They found that the internal circulation within the ionic liquid segments is slower than in aqueous segments by a factor of 2-10. Moreover, they showed that circulation velocity was higher when the ionic liquid was the continuous phase than when it was the dispersed.
To evaluate the performance of two-phase small scale separators (gas-liquid or liquid-liquid) the mass transfer coefficients need to be known. A number of models have been developed for gas-liquid Taylor bubble (plug) flow based on both empirical correlations, and on film and penetration theory. These models provide estimates of the mass transfer coefficient in the continuous liquid phase, while the mass transfer resistance in the gas phase is considered negligible. The individual contributions of the caps of the bubbles and of the fully developed film separating the bubbles from the channel wall are estimated. Bercic and Pintar [16] proposed a model for the calculation of the mass transfer coefficient in small channels (Eq. (1)), that includes only the contribution of the caps because of the rapid saturation of the film.
However, the absence of any parameter related to the channel size limits the application of the model to different two-phase systems.
Van Baten and Krishna [17] and Irandoust and Anderson [18] included in their models the contributions of both bubble caps and film (Eq. (2)). Van Baten and Krishna [17] evaluated the contribution of the caps (Eq. (3)) according to the Higbie penetration theory, whilst the transfer through the film (Eqs. (4) or (5)) was obtained based on mass transfer in a falling film in laminar flow. The mass transfer rates predicted by the correlations agreed well with the results from CFD (computational fluid dynamics) simulations. 
Similarly, Vandu et al. [19] suggested a model based only on the contribution of the film.
An empirical correlation has been developed by Yue et al. [20] for two-phase systems without reaction in an attempt to improve the inaccurate predictions obtained by the model of van Baten and Krishna [17] in square mini-capillaries. Shao et al. [21] proposed a numerical model in which concentration was calculated in both phases simultaneously, whilst the computational domain and the geometric characteristics of the system (bubble size and film thickness) were determined from empirical correlations.
In liquid-liquid systems several parameters that affect the performance of the extractor (with or without chemical reaction) such as channel size, flow patterns, fluid properties, mixing, and flow orientation have been investigated [22] [23] [24] [25] [26] [27] [28] [29] [30] . A number of investigations have focused on the development of numerical and empirical models to describe the mass transfer for fixed interface location [13, 31, 32] . Harries et al. [33] developed a numerical model for liquid-liquid plug flow to investigate the hydrodynamics within both continuous and dispersed phase segments and the mass transfer of dissolved chemical species in both phases and across the interface. The model, where segmented flow was represented by two adjacent rectangular units with moving wall, predicted well their experimental results. A similar model has been developed by Kashid et al. [13] , to investigate the flow patterns and the mass transfer with or without reaction between two consecutive segments with fixed location. Raimondi et al. [34] carried out numerical simulations of the mass transfer during liquid-liquid plug flow in square microchannels, where it was assumed that mass transfer did not deform the interface, enabling the hydrodynamics to be decoupled from the mass transfer.
An empirical correlation, based on dimensional analysis in PTFE capillaries was proposed by Kashid et al. [35] , (Eq. (8)). In their studies however, the inlet geometry or the microchannel shape were not taken into account.
For industrial application of small scale systems, increased throughputs are necessary. Scale out is often considered, where the number of small channels or units is increased. This can, however, require a prohibitively large number of small channels. An alternative approach would be to first increase throughput by increasing the channel sizes, while still preserving the benefits of small scale operation, such as laminar flows and well defined regular patterns, and then consider scale out. It is then important to understand and be able to predict the effect that the channel size has on the hydrodynamic and mass transfer characteristics of the two-phase system.
In this paper, the effect of channel size on the extraction of {UO 2 } 2+ ions from nitric acid solutions into a TBP/ionic liquid mixture is studied during plug flow in small channels. The experimental mass transfer coefficients are compared against predictive literature models. In addition, a numerical finite element model is developed which solves for the hydrodynamics and mass transfer in both phases. The model predictions on amount of extraction are compared against the experimental findings.
Model formulation
The numerical model was developed to simulate the mass transfer of {UO 2 } 2+ ions in the aqueous/ionic liquid system during plug flow. For the simulations a unit cell (one dispersed phase plug and one continuous phase slug) in 2-D axisymmetric cylindrical coordinates is used. The two-phase flow and the concentration profiles are considered symmetric over the channel axis, and only half of the unit cell is simulated. The whole computational domain is depicted in Fig. 1 . The geometric characteristics, such as length of the plug and the slug and film thickness were chosen based on experimental findings.
In the model it was assumed that surface tension gradients and gravity are negligible. Both liquids were Newtonian, viscous and the flow was incompressible. It was also assumed that mass transfer does not affect the interface shape and the volume of the unit cell. The computational procedure followed two steps. First, the hydrodynamics of the system were determined by solving the velocity field (u) and the pressure for the two liquid phases using the Navier-Stokes and the continuity equations (Eqs. (9) and (10)). Subsequently, the convection-diffusion equation (Eq. (11)) was solved in both phases.
The position and the shape of the plug in the computational domain remained fixed, while the wall of the channel was moving with a constant velocity equal to the plug velocity, u p , but with direction opposite to the flow. The plug has higher velocity than the mixture velocity because of the thin film on the wall; for the simulations the experimental plug velocity is used. The following boundary conditions were applied to the fluid flow equations:
(1) axial and radial velocity of the channel wall equal to u z = Àu p and u r = 0, respectively; (2) no-slip boundary condition at the channel wall;
(3) equal stresses at the interface between the two phases. This approach is correct when the plug geometry accurately represents the equilibrium state of the plug where forces are balanced.
For the mass transfer equation a boundary condition was applied to satisfy the flux continuity at the interface, while zero flux was set at the channel wall. Periodic boundary conditions are used at the front and the back of the computational domain for the velocity, the pressure, and the concentration (see Fig. 1 ).
All simulations were performed with a commercial finite element software (Comsol Multiphysics 4.4.). The hydrodynamic equations for both liquid domains were solved in a steady-state mode to establish the velocity and pressure profiles, while the mass transfer equations, one for each phase, were solved in a transient manner to represent mass transfer during the movement of the plug along the channel. A free triangular mesh was used in the simulations in the whole computational domain, which was additionally refined along the interface and the channel wall, where the characteristic length scales are very short and the concentration gradients are steep. Sensitivity analysis was carried out to establish the grid size needed for grid independent mass transfer. It was found that the minimum and the maximum element sizes along the interface should be 0.4 lm and 3 lm, respectively, for the 1 mm and 2 mm ID channels and 0.1 lm and 1.6 lm, respectively, for the 0.5 mm ID channel. In the subdomains (phases 1 and 2) the grid size should be less than 32 lm. It was also found that a time step equal to 0.05 s was satisfactory since there were small discrepancies in concentration compared to shorter time steps. Finally, in order to avoid very large instantaneous flux across the interface, a step function was added to the model.
Experimental setup and procedure
A schematic of the experimental setup used for the continuous extraction experiments is shown in Fig. 2 . The two phases were two immiscible solutions, i.e. HNO 3 /U(VI) and 30% v/v TBP/ionic liquid. The HNO 3 /U(VI) solutions were prepared in the UCL laboratory from HNO 3 (65%) solution of general purpose grade by Fisher Scientific and dioxouranium(VI) nitrate hexahydrate UO 2 (NO 3 ) 2-Á6H 2 O by Sigma-Aldrich. The 30% v/v TBP/ionic liquid solution was prepared by using tributylphosphate (TBP) (Sigma-Aldrich) and an ionic liquid 1-methyl-3-butyl-imidazolium bistriflimide, i.e. [C 4 mim][NTf 2 ] (l = 0.052 kg m À1 s À1 , q = 1420 kg m À3 ) which was prepared at the QUILL research centre by following a standard procedure. The experiments were carried out at atmospheric pressure and at room temperature (T = 298 K). The initial concentration in the aqueous nitric acid solution was set to 3 M for all the experiments, whilst the concentration of {UO 2 } 2+ in nitric acid was 0.05 M. Two high precision pumps (KdScientific) were used to introduce the two liquids into the main test section via a T-junction mixer. The mixer was made of FEP with all branches having always the same internal diameter as that of the main channel. The extraction experiments were carried out in circular channels with different internal diameters, i.e. 0.5 mm, 1 mm, and 2 mm, whilst the lengths varied from 10 cm to 31.5 cm. Experiments were carried out for total volumetric flow rates (Q mix ) varying from 7 to 340 cm 3 h À1 , and input aqueous phase volume fraction e d from 0.5 to 0.67. At all experimental conditions plug flow was established with the aqueous phase (HNO 3 solution) flowing as non-continuous (dispersed) plugs within the TBP/IL phase (continuous) which was in contact with the channel wall. The flow was visualised with a high-speed camera (Photron APX) and was illuminated with a 60 W continuous arc lamp. 2MP 10 bits images were acquired at 2000-4000 Hz (depending on the total flow rate) that were stored in a computer for further analysis. At the end of the test section the two phases were separated online with a flow splitter made inhouse, which comprised of two side channels (made of stainless steel and PFA) that had different wettabilities for the two phases [36] . The internal diameter and the length of the side channels were chosen to enable control of the pressure difference between the two phases due to pressure losses in each phase and the Laplace pressure of the interface (similar to [37] ). Phase separation was possible with this configuration for all flow rates shown, where pure ionic liquid was obtained from the PFA outlet and nitric acid solution from the stainless steel outlet. The amount of {UO 2 } 2+ transferred from the aqueous phase was measured in the ionic liquid phase with a UV-Vis spectrometer (USB2000+, from Ocean Optics). Since the ionic liquid used in this work was hygroscopic (i.e. it absorbs small amounts of water), it was saturated with nitric acid solution before the experiments. Viscosity measurements were performed in a digital Rheometer DV-III Ultra (Brookfield). The experimental error was estimated by taking into account the errors in the initial concentration of uranium in the nitric acid solution ($2%) and in the concentration of {UO 2 } 2+ in the ionic liquid phase as measured by the UV-Vis spectrometer (3-4.9%).
Results and discussion
Two parameters were used to characterise the mass transfer performance of the small scale extractor, i.e. the extraction efficiency (%E eff ) (Eq. (12)) and the overall volumetric mass transfer coefficient (k L a) (Eq. (13)). %E eff ¼ ½c aq;fin À ½c aq;init ½c aq;eq À ½c aq;init ð12Þ k L a ¼ 1 s ln ½c aq;eq À ½c aq;init ½c aq;eq À ½c aq;fin
! ð13Þ
The effects of residence time, mixture velocity, and channel size on (%E eff ) and k L a are discussed below. At all experimental conditions studied, there was a thin film of the continuous phase separating the aqueous plug from the wall, which indicates that the entire plug surface was available for mass transfer. In cases where the film is absent, only the caps of the plug are available for mass transfer and the interfacial area reduces by 3-4 times [38] . Equilibrium extractions were also performed at room temperature with equal volumes of TBP/[C 4 mim][NTf 2 ] (30%, v/v) and HNO 3 /dioxouranium(VI) to estimate the distribution coefficient (K U ) (Eq. (14)). Mechanical shaking was applied for 3 h before the two phases were separated.
Studies of dioxouranium(VI) extraction from nitric acid solutions to ionic liquids suggest different mechanisms for the extraction i.e. cation exchange, anion exchange and solvation, depending on the nature of extractant, concentration of counteranion, structure of the ionic liquid and the aqueous phase composition [39, 40] . In the current study, where TBP is used as extractant, and the nitric acid concentration is 3 M, the extraction proceeds via an anion exchange mechanism. UO 2þ 2 þ 3NO À 3 þ 2TBP þ Tf 2 N À $ ½UO 2 ðNO 3 Þ 3 ðTBPÞ 2 2À þ Tf 2 N À
Extraction efficiency
The effect of mixture velocity on the mass transfer performance of the device can be seen in Fig. 3 for the three different channel sizes. The length of the channels was in all cases equal to L ch = 10.5 cm. The results illustrate that for a given channel size as the mixture velocity increases the extraction efficiency decreases, and that for the same mixture velocity the extraction efficiency is always higher as the channel size decreases.
An increase in mixture velocity decreases the residence time available for mass transfer. At the same time, as the mixture velocity increases, the recirculation time within the plugs increases and consequently the mixing becomes more intense. In addition, the specific interfacial area available for mass transfer was found to be affected by both the mixture velocity and the channel size. For a given channel size, as the mixture velocity increases the interfacial area available for mass transfer also increases. This is because at higher mixture velocities shorter plugs are formed at the inlet due to the rapid penetration of one phase into the other [36] . Moreover, for a given mixture velocity the interfacial area available for mass transfer decreases as the channel size increases, because the plugs in the larger channels were found to be longer; thus a smaller number of segments is available in large channel compared to a small one for mass transfer. Considering two hemispherical caps in the front and back end of the plug the interfacial area depending on the Ca number can be calculated from [34] a p ¼ pw p ðL p À w p Þ þ pw 2 p L UC w 2 ch for Ca > 0:04 ð15Þ
For example, in the case of the 0.5 mm ID channel, and using experimental plug geometric characteristics, it was found that there is an increase of $45% on the interfacial area available for mass transfer for mixture velocity from 0.01 to 0.06 m s À1 , whilst the extraction efficiency falls by about 55%. The same effect is observed for the two bigger channel sizes as well. However, as the mixture velocity increases, the decrease in residence time seems to overcome any increases in mass transfer from improved mixing within the plugs and increased interfacial area and the extraction efficiency reduces. The decrease of the extraction efficiency with increasing mixture velocity follows a non-linear trend. The extraction efficiency at high mixture velocities, i.e. 0.05 m s À1 and 0.06 m s À1 , does not change significantly in the case of the 0.5 and the 1 mm ID channel. Interestingly, even if the residence time is quite short at these mixture velocities ($2 s for 0.05 m s À1 and $1.7 s in the case of 0.06 m s À1 ) the extraction efficiency still reaches 40% and 30% for the 0.5 mm ID channel and the 1 mm ID channel, respectively.
To study the effects of residence time (i.e. s = V ch /Q mix ) on mass transfer at the different channel sizes, the channel length was varied (from 10 to 31.5 cm) rather than the mixture velocity. Changes in the mixture velocity would alter the hydrodynamic characteristics of the two-phase flow, such as plug length and circulation patterns, which also affect mass transfer. In Fig. 4 the extraction efficiency (%E eff ) of {UO 2 } 2+ is plotted against the residence time at a constant mixture velocity of 0.03 m s À1 for equal flow rates of the two phases. As the residence time increases, the %E eff also increases at all channel sizes. An extraction efficiency of >90% is achieved in the case of the 0.5 mm ID channel in less than 11 s, whilst in the 1 and 2 mm ID channels for the same time interval the %E eff was <70% and <40%, respectively. It is worth noticing that a significant percentage of mass transfer occurs within the first 10 cm of the channel, which includes the plug formation region as well. Significant mass transfer at the inlet region has also been observed by Tan et al. [41] for gas-liquid systems. Depending on the channel size the increase in the extraction efficiency follows a different rate. In the 0.5 mm ID channel an increase of $70% on the %E eff is observed in a period of 7 s (from 4 to 11 s), whilst in the 1 and 2 mm ID channels for the same time interval the increase on the %E eff is $62% and $33%, respectively. The short diffusional distances in the small channels improve mass transfer. Moreover, as the channel size decreases, the mixing becomes more intense within the aqueous plugs, since for the same conditions the plug size is smaller and the circulation faster [6, 42] . The intense mixing enhances the mass transfer due to convection, and renews the interface between the two phases thus increasing the concentration gradients which improve the diffusive penetration of the transferred species. In addition, a decrease in plug size with decreasing channel size at the same mixture velocity and phase ratio results in more plugs and increases the interfacial area available for mass transfer.
Volumetric mass transfer coefficient (k L a)
The volumetric mass transfer coefficients were calculated for all conditions studied. As can be seen in Fig. 5 , for a constant channel length of 10.5 cm and equal phase flowrates, an increase in the mixture velocity increases k L a in all channel sizes. As discussed above, an increase in mixture velocity intensifies the mixing within the plugs and increases the interfacial area available for mass transfer. In addition, the mass transfer coefficients reduce as the channel size increases. This is attributed to more intense mixing and increased interfacial area at small channel sizes. For a certain mixture velocity, for example 0.01 m s À1 , the specific interfacial area decreases by about 66% by increasing the channel size from 0.5 to 1 mm ID and by 60% by increasing it from 1 to 2 mm ID.
At the same conditions, as can be seen from Fig. 5 the k L a decreases by about 50% from 0.5 to 1 mm ID, and about 33% from 1 to 2 mm ID channel.
However, when the mass transfer coefficients achieved at a constant residence time are plotted, different trends are observed for the different channel sizes as can be seen in Fig. 6 . With increasing mixture velocity in the 0.5 mm ID channel the k L a slightly increases, in the 1 mm ID channel it remains almost constant, while in the 2 mm ID channel it reduces. These differences are attributed to the different circulation patterns and mixing intensity, as well as the film thickness and plug length in the different diameter channels.
The evolution of the mass transfer coefficient (k L a) along the channel at a constant mixture velocity (u mix = 0.03 m s À1 ) also seems to depend on channel size (Fig. 7 ). For these measurements three different channel lengths were used for each channel size. For the 0.5 mm ID channel the mass transfer coefficient seems to remain almost constant along the first 20 cm and then it slightly decreases, whilst in the case of the 1 and 2 mm ID channels there is a decrease on the mass transfer coefficient for the whole length examined. This difference indicates that the mass transfer rate in the case of 0.5 mm ID channel is enhanced by the intense internal circulation. It can also be seen that for all channel sizes the mass transfer coefficient is larger for shorter channel lengths. For example, in the case of the 1 mm ID channel, the mass transfer coefficient in the 10 cm cannel is approximately 0.17 s À1 , whilst it is about 0.14 s À1 in the 20 cm channel. This indicates very good mass transfer close to the channel inlet where the phases join. In all cases and for similar conditions significant decrease of 50% in the mass transfer coefficients takes place when the channel size increases from 0.5 to 1 mm ID while with a further increase to 2 mm ID the decrease on the mass transfer coefficient is less pronounced, i.e. from 0.5 to 2 mm ID the decrease on k L a is 72%.
Comparison of k L a with literature correlations
The mass transfer coefficients obtained experimentally were compared with literature correlations (see Section 1) and the results are shown in Fig. 8 . In general, the experimental results seem to agree well with the model proposed by Kashid et al. [35] for liquid-liquid plug flow in capillaries. The fitting parameters in Eq. (8) have been adjusted to the current experimental data (i.e., a = 0.44, b = À0.1, c = À0.65, d = À0.1) and the mass transfer coefficients are predicted within a range of errors from 0.6% to 13.2%. The highest errors were observed at high mixture velocities regardless of the channel size. The modified correlation seems to predict better the mass transfer coefficients in the 1 mm ID channel with a mean relative error of 3.5%.
The models of van Baten and Krishna [17] and Vandu et al. [19] , developed based on gas-liquid bubble flows, showed little or no agreement with the experimental results. Van Baten and Krishna [17] developed their model over a wide range of parametric values (ID = 1.5-3 mm, L UC = 15-50 mm). Their model underestimated the current mass transfer coefficients for all the channels. It is worth noting that in this work the length of the unit cells (L UC ) and the velocity of the dispersed phase (u p ) were one order of magnitude lower than those used by van Baten and Krishna [17] . In the model by Vandu et al. [19] (Eq. (7)), which was evaluated against data from different channel sizes (ID = 1-3 mm) and unit cell lengths (L UC = 5-60 mm), the only contribution on the mass transfer coefficient is by the film. The k L a obtained experimentally for 0.5 mm ID and 1 mm ID channel seem to fall within the predictions of their model (for C = 8.5), whilst mass transfer is underestimated in all cases for the 2 mm ID channel with a relative error from 40% to 60%. The discrepancies between the experimental results and the gas-liquid models may be attributed to the more complex hydrodynamics in the liquid-liquid systems. In addition, there is less resistance to mass transfer by diffusion within a gas plug compared to a liquid one.
Comparison of k L a with the numerical model predictions
The numerical model developed in Section 2 was applied to the current system. The numerical results on the velocity fields and circulation patterns within the aqueous phase plugs have been validated against Particle Image Velocimetry measurements and good agreement was found [43] . The geometric characteristics of the flow needed for the simulations, i.e. film thickness (d), length of unit cell (L UC ), and plug length (L p ) and the plug velocity (u p ), were derived from the high resolution images acquired during the experiments with the high-speed camera and are tabulated in Table 1 . The residence time, (t = u p /L ch ) selected for the simulations represents the time that an aqueous plug flows within the extraction channel. The properties of the fluids used for the simulations are shown in Table 2 . The diffusion coefficients of {UO 2 } 2+ in the TBP/IL (30%, v/v) mixture and in the aqueous nitric acid solution were selected based on literature data.
The effect of the channel size on extraction efficiency is shown in Fig. 9 as a function of residence time (t). Higher extraction efficiency can be achieved at a certain residence time for decreased channel size. The experimental results in this graph agree with the model within errors from 1.4% to 12.3%. However, in almost all cases the model underpredicts the experimental data. As was discussed above, significant mass transfer seems to take place at the beginning of the channel close to the inlet where the plug flow is not well formed yet. This is not accounted for in the model, which considers fully developed plug flow and would explain the underprediction.
Increased interfacial area can be achieved by changing the flowrate ratio between the two liquid phases. The effect of volume fraction (e d = Q d /Q mix ) on the extraction efficiency is shown in Fig. 10 as a function of the residence time in the 1 mm ID channel with length L ch = 10.5 cm. For these results the total flow rate of the mixture (Q mix ) was kept constant at 84.82 cm 3 h À1 (mixture velocity, u mix , of 0.03 m s À1 ), whilst the flow rate of the dispersed aqueous phase (Q d ) varied from 42.41 to 56.55 cm 3 h À1 which results in volume fractions (e d ) increasing from 0.5 to 0.67. The change in e d does not limit the extraction of {UO 2 } 2+ from the nitric acid solution because, according to the reaction stoichiometry, TPB is in excess in the IL phase at all cases. As the dispersed phase volume fraction increases from 0.5 to 0.67, the plug length also increases while the interfacial area decreases by $23%. This results to a smaller number of unit cells in the extractor and to a lower extraction efficiency as shown in Fig. 10 . However, the amount of solvent used is reduced by 33.4%. Reduction in solvent use can be important for solvents such as ionic liquids which have high productions costs. Similar results were also obtained for the two other channel sizes (i.e., 0.5 and 2 mm ID). The experimental extraction efficiencies seem to agree well with those predicted by the simulations with a mean relative error for all conditions tested in the 3 channel sizes of about 11%.
Conclusions
The effect of channel size on the extraction of {UO 2 } 2+ ions from nitric acid solutions into TBP/IL mixtures was studied during plug flow for channel sizes that varied from 0.5 to 2 mm ID. It was found that the extraction efficiency, which indicates how close to the equilibrium values the final concentrations are, and the mass transfer coefficient decrease as the channel size increases. The largest decrease in mass transfer coefficients occurred when the channel size changed from 0.5 to 1 mm ID while the decrease was less when the channel size changed from 1 to 2 mm ID. For a given channel length, extraction efficiencies decrease with mixture velocity in all channels studied, while the mass transfer coefficients increased moderately. In all channels it was found that significant extraction takes place as soon as the phases join at the inlet of the channel. For all conditions studied the mass transfer coefficients varied between 0.049 and 0.29 s À1 , which is in agreement with literature values for other small scale liquid-liquid contactors. A numerical model was developed, which used experimental data on the geometric characteristics of the plug flow and was able to predict the experimental extraction efficiencies reasonably well with an average relative error of 11%.
For increased throughput, scale out (or numbering up) is not sufficient as it would result to a very large number of very small channels, while a combination of increased size (scale up) and increased channel number (number up) is a better approach. In small scale processes where the two phases flow co-currently, the extraction performance of the device is limited by the equilibrium concentrations. However, the simple design of these systems aided by good separation of the phases at the end of each stage make possible a quasi-countercurrent approach to achieve high extraction efficiencies. A number of parameters would need to be considered to optimise this configuration, including among others, the channel size, the pressure drop, and the %E eff reached in each stage. 
